Abstract: To survey the probability of the re-utilization of nickel containing slag corroded magnesia and aluminagraphite refractories, different amounts of nickel oxide (NiO) were used as one of raw materials to synthesize nickel containing magnesium aluminum oxynitride (MgAlON) composites, and the sintering and oxidation behavior have been explored in this work. The results reveal that with the increasing NiO additive, submicron metallic Ni grains are segregated from the (Ni,Mg)AlON spinel, and these grains are beneficial to improve thermal shock resistance of MgAlON. Though the oxidation reaction of (Ni,Mg)AlON starts at lower temperature than MgAlON, the metallic Ni grains in the plate can improve the oxidation resistance. Hence, the metallic nickel containing (Ni, Mg)AlON composite has not only superior thermal shock resistance but also excellent oxidation resistance, and it is of great potential to utilize in plant. So, the fabrication of metallic nickel containing (Ni,Mg)AlON composite should be a feasible way to reuse the nickel slag corroded magnesia and alumina graphite refractories.
Introduction
Refractories are used by a variety of companies, including metal, ceramic, cement and glass producers to withstand severe service conditions, such as high temperatures, corrosive liquids and gases, abrasion, mechanical, thermal induced stresses, and so on [1] . When refractory materials have reached their service lives, the spent refractories are typically disposed of in a landfill wasting valuable natural resources. Hence, development of novel methods to reuse these materials is of great social and economy potential [1] [2] [3] .
Till now, only some of un-corroded spent refractories have been reused as low rank raw materials for refractories, and there are almost no methods to reuse corroded refractories, even there are some useful elements, such as nickel, magnesium, aluminum, and so on. These elements are components of the recently developed high performance refractory, magnesium aluminum oxynitride (MgAlON), and the MgAlON has attracted lots of researchers' interests for its high mechanical strength at high temperatures, good stability under room temperature, high resistance to slag and liquid metal [4] [5] [6] [7] [8] [9] [10] . Though MgAlON can be easily synthesized from corroded spent refractories with magnesia, alumina, and graphite through carbothermal reduction and nitridation method, its poor oxidation resistance and thermal shock resistance at high temperature are key reasons to restrict the utilization of MgAlON in plant.
Recently, Ye et al. [11] has explored the impurities on the preparation and oxidation behavior of MgAlON, and they propose that impurities have some effect on the synthesis and oxidation behavior of MgAlON. Since the element of nickel exists in the slag for stainless steel manufacture, the nickel element might have some beneficial effect on improving the oxidation resistance of MgAlON. Hence, different amounts of nickel oxide (NiO) were used as one of raw materials, and properties of the synthesized composites have been surveyed in the present work.
Experimental procedure
Fine alumina (Al 2 O 3 > 99.9 %, < 0.5 μm), aluminum nitride (AlN > 99.0 %, < 1.0 μm), magnesia (MgO > 99.0 %, < 0.5 μm), and nickel oxide (NiO > 99.0 %, < 5.0 μm) with high purity was selected as the raw materials in present work. To reveal the effect of NiO on the preparation and oxidation of MgAlON, extra 2 % and 5 % NiO were added, and according to Table 1 , all the raw materials were meticulously weighted, and ball-milled. Then, green compacts were formed by uniaxial compressed at 50 MPa, and subsequently the samples were hot-pressed in vacuum atmosphere at 1700°C for 20 min under the pressure of 100 MPa.
The oxidation experiment of powders and plates was conducted on thermo-gravimeter (TG) and MoSi 2 electric furnace under dry air. The non-isothermal tests of powders were warmed up at 5°C min −1 , and as to the isothermal oxidation of plates, they were placed into the furnace later after that had arrived the setting temperature for 30 min.
As to the water quench test, the plates were firstly dried at 110°C for 50 min, then they were put into a MoSi 2 electric furnace at 1400°C and held for 20 min, and then quenched into water at 20°C. Those for next quench test were dried before returning to the furnace at 1400°C. This procedure was repeated until obvious destruction crack, and the number of quenches was taken as the measure of thermal shock resistance. To obtain an average quench number, more than 10 samples were tested.
Moreover, microstructure and element distribution were characterized by field emission scanning electron microscope (FE-SEM) equipped with energy-dispersive spectroscope (EDS). Phase composition was determined by X-ray diffraction (XRD). The contents of Mg and Al were measured by X-ray fluorescence spectroscope (XRFS), and O, N by oxygen and nitrogen analyzer. Figure 1 shows the microstructure and EDS result of synthesized sample determined by FE-SEM. It can be seen that the sample without NiO additive was nearly full dense. As to the sample with NiO additive, white grains less than 1 μm were uniformly distributed among gray MgAlON matrix. The EDS analysis shown in Figure 1 (d) revealed that the white grains were nearly pure metallic Ni. Moreover, lots of submicron pores laid around Ni grains. The detected chemical composition of the synthesized samples was listed in Table 2 . Compared to the chemical composition of raw materials, it was known that the amount of N and Ni in NiO added composites was ambiguously less than that in their original materials.
Results
The further XRD results plotted in Figure 2 (a) revealed that MgAlON monophase was obtained in the sample without NiO additive (S0), and metallic Ni phase was formed besides MgAlON phase in the sample with 2 % NiO additive (S1). Notably, in the sample with 5 % NiO additive (S2), alumina phase was detected together with Ni and MgAlON phases. As shown in Figure 2 (b), with the calibration of high purity silicon, it was found that the diffraction angle of the synthesized MgAlON phase shift to right, and the lattice constant of MgAlON decreased with the increased amount of NiO additive. Figure 3 plots the average water quenching numbers of the synthesized samples. With the increasing of NiO additive, the thermal shock resistance was obviously enhanced.
Hence, the formation of metallic Ni grains in MgAlON matrix is favorable to improve the thermal shock resistance of the composite and overcome the inherent shortcomings of ceramics. Figure 4 shows the mass gain of powders with the increasing heating temperature and the prolonging soaking time. In the sample without NiO additive, the oxidation reaction occurred above 750°C, and it was accelerated at temperatures higher than 1150°C. With the content of NiO increasing in the raw materials, the beginning temperature of oxidation reaction decreased to 550°C for 2 %NiO, and 350°C for 5 %NiO. On the other hand, the final mass gain of the sample was increased with the increasing amount of NiO additive. Figure 5 (a) indicates the phase composition of powders oxidized at 1300°C for 2 h. Interestingly, it was found that with the increasing of NiO additive, the amount of alumina in the oxidized powders was decreased, and it was contrast to that in the synthesized composites shown in Figure 2 . Simultaneously, another notably phenomena of oxidized powders determined by XRD is shown in Figure 5(b) . It was found that oxidized product of spinel phase shift to left, and it was not similar as that of the synthesized powder. Hence, the lattice constant of spinel phase had an increase. Figure 6 reveals the isothermal oxidation behavior of plates at 1400°C. In the sample without additive and with low content of NiO additive, the mass gain obeyed linear laws. With the increasing NiO additive, the mass gain turned into parabolic rate law. As parabolic law means that the oxidation reaction is limited by gas diffusion and a linear law when controlled by interface reaction [12, 13] , the oxidation resistance of the sample with 5 %NiO was obviously improved for the oxidation of plate was limited by gas diffusion, and the detailed mechanism in the following part. Figure 2 , alumina is detected in the sample with 5 %NiO additive, even it has not been detected in the sample with 2 %NiO additive.
Discussion
The sintering procedure of magnesia, alumina, and aluminum nitride has been elaborated analyzed by Bandyopadhyay et al., and they propose that an initially formed stoichiometric magnesium aluminate spinel is turned into MgAlON by dissolution of alumina and aluminum nitride, and furthermore, nitrogen diffusion through the MgAlON lattice seems to be rate controlling [15] . As to .
Subsequently, the solid solution of AlN into spinel to form solid solution compound (Ni,Mg)AlON.
In the course of the solid solution reaction, submicron metallic Ni grains are simultaneously formed. Since the difference of chemical composition between the raw materials and the synthesized products is ambiguous (Table 2) , and final mass gains of powders are similar (Figure 4 ), metallic Ni grains should not be formed through oxidation-reduction reaction. If the reaction occurs, nitrogen or oxygen might be formed and inevitably, these gases are prone to diffuse out the system for low environmental pressure. Hence, the metallic Ni grains might segregate from the (Ni,Mg)AlON compound for some reason. However, it is still unknown and should be further investigate in future.
As to the oxidation behavior of metallic nickel containing (Ni,Mg)AlON composite, metallic Ni is firstly oxidized at temperatures as low as 350°C. From the TG data, it can be concluded that the oxidation temperature of (Ni, Mg)AlON synthesized in present work is about 200°C lower than MgAlON, and the oxidation reaction forms fully solid solution (Ni,Mg)Al 2 O 4 spinel (Figure 4) as follows:
To oxidation behavior of plates, the NiO additive can obviously increase the oxidation resistance. As shown in Figure 8 (a), it can be seen from the microstructure in the plate without NiO additive, lots of pores are connected each other, and the oxidized layer has not the effect on the decrease the diffusion rate of oxygen and nitrogen. Though lots of pores also exist in the oxidized layer in the plate with NiO additive [Figures 8(b) , (c)], the connection of pores is separated by the formation of (Ni,Mg)Al 2 O 4 spinel, and the increasing of NiO additive is beneficial to decrease the diffusion rate of oxygen and nitrogen. Consequently, the oxidation resistance is increased. Hence, the metallic nickel containing (Ni,Mg)AlON composite has not only superior thermal shock resistance but also excel oxidation resistance. The fabrication and utilization of metallic nickel containing (Ni,Mg) AlON composite should be a feasible way to reuse the nickel slag corroded magnesia and alumina graphite refractories.
Conclusions
1. Metallic nickel grains are segregated during the solid solution of nitrogen into magnesium aluminum oxynitride (MgAlON). 2. The formation of metallic nickel grains is favor to improve the thermal shock resistance of MgAlON. 3. Though the starting oxidation reaction temperature is decreased in metallic nickel containing composite, the higher amount of metallic Ni grains lead to superior oxidation resistance because the oxidized product (Ni,Mg)Al 2 O 4 spinel decrease gas diffusion rates of nitrogen and oxygen in the matrix.
